The kinetics of the (110) bcc //(111) fcc heterointerface of iron during the fcc-bcc phase transformation has been investigated by molecular dynamics simulation. The various orientation relationships (ORs) between Nishiyama-Wasserman (N-W) and Kurdjumow-Sachs (K-S) ORs, which are experimentally observed, were examined. The planar propagation of the fcc-bcc heterointerface was observed in the case of the N-W and near N-W ORs, whereas a fast needlelike growth after initial planar growth was observed in the case of the K-S and near K-S ORs. The transformation started from the matching area of the fcc and bcc lattice and followed the Bain transformation path. It was confirmed that the difference in the matching area of the fcc and bcc lattices at the interface between the N-W and K-S ORs causes the two different propagation behaviors. In addition, the distribution of the atomic stress in the system during phase transformation was examined. The residual atomic stress was distributed toward the [010] bcc direction after the transformation in the case of the N-W OR. The change in the direction of the Bain deformation path during phase transformation caused a fast needlelike growth after the initial planar propagation in the case of the K-S OR.
Introduction
Since a bct (body-centered tetragonal)-bcc (body-centered cubic) transformation was proposed as a possible path of the fcc (face-centered cubic)-bcc martensitic transformation by Bain and Dunkiri in 1924, 1) such Bain deformation paths have been widely studied [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] from both experimental and theoretical approaches. For example, transmission electron micrograph images provide much information such as the preferential orientation relationship (OR) 3) and the atomic arrangement 4) at the austenite-martensite interface of iron-based alloys. Besides iron-based alloys, the structural patterns in the fcc-bcc heterointerface of copper-iron, copper-vanadium 5) and copper-chromium 6) have been studied. In addition, electron backscatter diffraction analysis enables us to accurately determine the orientation relationship of such heterointerfaces, 7) and revealed that close-packed plane of martensite or bainite is not parallel to that of austenite, unlike the Nishiyama-Wasserman (N-W) 8, 9) and Kurdjumow-Sachs (K-S) 10) ORs, which are the experimentally commonly observed orientations. Recently, the in situ martensitic phase transformation of iron revealed by four-dimensional electron microscopy 11) has been reported. On the other hand, theoretical studies have helped to interpret phenomena observed in experiments such as energetic transition in the Bain and other deformation paths, 12, 13) energetic stability due to the structural ledge in the fcc-bcc interface, [14] [15] [16] crystal symmetry, and the reversibility of martensitic transformation. 17) Many other works are reviewed in Ref. 2) . In addition to experimental and theoretical approaches, numerical approaches such as molecular dynamics (MD) and Monte-Carlo (MC) simulation have contributed to interpreting the atomic behavior of the heterointerface during phase transformation and its energetic stability. For example, Osetsky and Serra 18) examined the high-temperature phase stability in iron by MD simulation with a pair potential. Kadau et al. 19) demonstrated multimillion-atom MD simulation of the shock-induced phase transformation from the solid bcc phase to close-packed grains. Entel et al. 20) discussed the role of defects in iron-nickel alloy on the phase transformation on the basis of first-principle calculations and MD simulations with the embedded-atom method (EAM) potential. Sinclair and Hoagland 21) examined the role of fault band intersections in the nucleation of martensite from austenite by MD simulation with the EAM potential. Bos et al. performed kinetic MC 22) and MD 23) simulations to discuss the kinetics during phase transformation of iron from the fcc to the bcc phase. Nagano and Enomoto 24) calculated the interfacial energy between fcc and bcc iron with various orientations by MC calculation.
In general, the results of MD studies depend on the interatomic potential. Hence, we should be careful when we quantitatively discuss calculations involving different types of interatomic potentials even when the simulation techniques are similar. Therefore, we have employed the Finnis-Sinclair (FS) potential 25) consistently in a series of MD studies of the structure and thermal properties of met-als, [26] [27] [28] [29] [30] [31] [32] since it can reproduce the material properties despite its simple form and short cutoff distance. The FS potential is one of the established potentials for bcc metals, and has been employed in more than 1 500 studies 33) since it appeared in 1984. As we pointed out in previous studies, [26] [27] [28] [29] [30] [31] [32] the FS potential has the following two properties: (i) the cohesive energy per atom in the bcc phase is lower than that in the fcc phase, independent of temperature and (ii) an energetic transition along the Bain deformation path is reasonable. Hence, the FS potential may capture the kinetics of unidirectional phase transformation from the fcc to the bcc phase qualitatively. Keeping the above properties in mind, we examined the propagation process of the fcc-bcc interface with N-W and K-S ORs from the fcc to the bcc phase by relaxation of the biphasic system under the A3 point 32) and obtained the interesting finiding that there are two types of propagation depending on the OR of the fcc-bcc interface. In this study, the origin of the difference in the propagation process was investigated by focusing on the atomic stress at the fcc-bcc heterointerface and in the bulk crystal during phase transformation.
Simulation Methodology
A classical MD method was used to study the kinetics of the fcc-bcc phase transition and its dependence on the interface orientation. The FS potential 25) was used to describe an iron-iron bond. The total energy of the FS potential, E, is expressed as follows: (4) where V is the repulsive term, r ab is the bond length between atoms a and b, r is the total electronic charge density at the site of atom a, which is constructed by the rigid superposition of atomic charge densities f, A is the binding energy, c 0 , c 1 and c 2 are the free parameters used for fitting experimental data, c and d are cutoff parameters assumed to lie between the second-nearest-and third-nearest-neighbor atoms, and b is a parameter used to introduce a maximum value of f within the first-nearest-neighbor distance. The parameters for iron, taken from the original FS paper, 25, 34) are listed in Table 1 . In this study, the temperature was normalized by the melting point of the Finnis-Sinclair potential for iron, 2 400 K, which was estimated in our previous study 26) (5) where T N is the normalized temperature and T is the absolute temperature in the calculation. As described in the introduction, the cohesive energy per atom in the bcc phase is lower than that in the fcc phase with an energy barrier along the Bain deformation path in the calculation using the FS potential, which is independent of the temperature. Hence, the unidirectional phase transformation from the fcc phase to the bcc phase was considered under the A3 point (0.654 T N ), which is the bifurcation temperature between a and g phases. As a simulation methodology, the leapfrog method was used to integrate the classical equations of motions with a time step of 2.0 fs. A Berendsen thermostat 35) was used to control temperature with a relaxation time of 2.0 fs. The Andersen method 36) was used to control pressure. The pressure in each direction (x, y and z) was independently controlled with a piston using a mass of 1.0ϫ10 Ϫ5 kg. The pressure was maintained at 0 Pa during the calculation. The orthogonal cell (i.e., aϭbϭgϭ90°) was used with a periodic boundary condition. The iron atoms with the bcc or fcc configuration were defined by the coordination number of the atoms within the cutoff distance, 3.20 Å; the atoms with 12 and 14 neighbor atoms within the cutoff distance were identified as atoms with fcc and bcc configurations, respectively. That is, the distances and numbers of the first-, second-and third-nearest neighbor atoms of the atom in bcc iron are 2.49, 2.87 and 4.06 Å, and 8, 6 and 12 atoms, respectively, whereas those of the first-and second-nearestneighbor atoms of the atom in fcc iron are 2.62 and 3.70 Å and 12 and 6 atoms, respectively.
Results and Discussion

Propagation of Fcc-Bcc Interface with Various
Orientation Relationships First, the atomic behavior during the phase transformation process was examined using biphasic systems with fcc-bcc heterointerfaces of various orientations observed experimentally. The biphasic systems were constructed by connecting bcc and fcc single crystals at 2.0 Å gap. In the case of the N-W OR, the bcc and fcc single crystals were connected by satisfying the (111) Fig. 1 . Other intermediate ORs between the N-W and K-S were prepared by rotating the OR 2.00°and 4.00°from the N-W OR with respect to the [111] fcc axis, respectively, satisfying the periodicity in x and y directions, respectively. These biphasic systems for initial condition are not relaxed before main calculation for avoiding unexpected structural change. A vacuum region was prepared at the top and bottom of the cell to prevent interference between top and bottom atoms.
Configurations of the calculation cell are summarized in Table 2 . The phase transformation from the fcc to the bcc phase was achieved by keeping the temperature of the system below the A3 point (0.654 T N ). Figure 2 shows snapshots of the fcc-bcc phase transformation process of the biphasic system with various ORs of the interface with the temperature of 0.5 T N . In the case of the N-W OR, the phase transformation started from the fcc-bcc heterointerface uniformly and the fcc-bcc interface propagated with the planar interface parallel to the initial plane. Small ledges were gradually formed in the interface as the interface propagated to the fcc region. However, the planar propagation continued to the edge of the fcc region, although there are small ledges in the interface. On the other hand, two stages of the phase transformation were observed in the case of the K-S OR. Initially, the planar propagation of the interface was observed to be similar to that in the case of the N-W OR. The propagation velocity of the interface with K-S OR was slower than that in the case of the N-W OR. As the phase transformation progressed, the interface shifted gradually to a ragged shape. The phase transformation at the preferential area in the interface was enhanced, resulting in the irregularity of the propagation velocity in the interface. Finally, the fast growth of the needlelike bcc phase into the fcc region with a particular orientation, which is not parallel to the initial interface, was observed. The velocity of this needlelike growth was about ten times faster than that of the planar propagation at the initial stage. In the case of the intermediate OR with a rotation angle of 2.00°(N-W 2.00), only planar propagation of the interface was observed, as in the case of the N-W OR. However, the fluctuation in the interface is larger than that in the case of the N-W OR. On the other hand, the fcc-bcc interface with the intermediate OR of a rotation angle of 4.00°(N-W 4.00) acted similarly to the interface with the K-S OR, that is, needlelike propagation was observed after the initial planar growth. Hence, it was found that there is a bifurcation in the propagation behavior of the (111) fcc //(110) bcc interface between rotation angles of 2.00 and 4.00°from the N-W OR. The velocity of the planar propagation decreased with increasing rotation angle from the N-W OR.
Effect of Lattice Matching on Kinetics of Fcc-Bcc
Phase Transformation Next, the cause of the differences in the phase transformation described above was investigated by analyzing the motion of atoms near the fcc-bcc heterointerface during phase transformation. Figure 3(a) shows the superposed views of the (111) fcc and (110) bcc layers, seen from [010] bcc direction, at the interface with the N-W, NW2.00, NW4.00, and K-S ORs, respectively. The areas of lattice matching are marked by the dotted circles in the figures. Matching and mismatch of the lattice were observed periodically. In the case of the N-W OR, the area of lattice matching appears in a reticular pattern, whereas the area of lattice matching appears as elongated regions in the case of the K-S OR. The ratio of the area of matching to the entire area of the N-W OR is higher than that of the K-S OR. The area of lattice matching in the NW2.00 and NW4.00 ORs were intermediate between those of N-W and K-S ORs. In addition, the area of lattice matching is distributed more nonuniformly in the interface as the rotation angle from N-W OR increases. Figure 3(b) shows the superposed views of the (111) fcc and (110) bcc layers at 1 ps during phase transformation. It was observed that the change in the atom configuration from the fcc to the bcc structure for atoms at the interface started near the areas of lattice matching in all interfaces examined. The atoms between the areas of lattice matching changed to the bcc structure sequentially from the area close to the area of lattice matching. Finally, transformation occurred at the area of lattice mismatch. Several vacancies remained after phase transformation in the bcc crystal, particularly at the farthest region from the area of lattice matching owing to the time lag during the transform process. In summary, the atoms in the fcc region were rearranged into the bcc structure at the interface to compen- sate for lattice mismatch during the sequential transformation from the area close to the area of lattice matching.
Note that residual lattice mismatch may remain in the bcc structure since time for thermal relaxation is insufficient in the range of simulation time adopted. In addition, the ledge structure was observed at the interface with the N-W OR as the interface propagated to the fcc region. It is known that the matching area in the N-W OR increases upon inducing the step interface, 15) resulting in energetic stabilization of the interface. This is the reason why the ledge structures were induced at the interface with the N-W OR during phase transformation.
As described above, the Bain deformation path has been suggested as a possible path of the fcc-bcc martensitic transformation. The Bain deformation path is a continuous expansion of a bcc lattice along the ͗100͘ axis; when the expansion ratio becomes √ -2, the bct lattice corresponds to an fcc lattice. In the matching area of the (111) fcc //(110) bcc interface, the bct lattice transformed into the bcc lattice continuously along the direction of [010] bcc via a Bain deformation path. Hence, the fcc-bcc transformation with the N-W OR first occurred in the area of lattice matching via a Bain deformation path, then progressed to the neighboring atoms. Because of the reticular distribution of the area of lattice matching in the interface of the N-W OR, residual lattice mismatch tends to remain in the area where phase transformation ends.
The difference in the phase transformation process between the N-W and K-S ORs corresponds to the pattern difference in the area of lattice matching. In the case of the K-S OR, the area of lattice matching is more elongated and almost parallel to [110] fcc and [111] bcc , as shown in Fig.  3(a) . As in the case of the N-W OR, the initial transformation occurred in areas of lattice matching, which are elongated regions. Hence, the bias of the propagation velocity in the interface with the K-S OR was gradually enhanced during transformation. Then, the transformation process shifted from the planar propagation to the needlelike propagation with a particular orientation, whereas the interface with the N-W OR progressed in a planar propagation owing to the reticular distribution of the area of lattice matching. As described above, the velocity of planar propagation decreased with increasing rotation angle from the N-W OR. This is reasonable since the ratio of the area of lattice matching to the whole area in the N-W OR is higher than that in the case of the K-S OR.
Distribution of Atomic Stress During Phase
Transformation The reason why the phase transformation starts in the area of lattice matching of (111) fcc //(110) bcc is considered 5 . Distribution of the atomic stress defined by the equivalent stress during phase transformation in the system with the interface of the K-S OR: (a) at the interface before relaxation, (b) near the tip of the needlelike bcc structure in the fcc region and (c) in the system just after the tip of the needlelike bcc structure reached the bottom of the cell. Only atoms with the atomic stress of more than 6.0ϫ10 4 Pa are shown for clarity. The black arrow indicates the direction of [010] bcc in the system, which is parallel to the direction of the residual stress in the system. (7) where N is the number of atoms in the system, v is the velocity of atoms, and V is the volume of the system. The subscripts i and j represent the directions of stress and displacement, and are widely used in the theory of elasticity (i, jϭ1, 2, and 3 corresponding to x, y and z elements, respectively). The term s (8) In this study, the distribution of equivalent stress was examined as the average value of atomic stress. Note that the calculation of atomic stress from the raw data at a finite temperature during phase transformation includes an inherent error due to thermal vibration. Hence, the position data extracted from each step of the above MD calculation was quenched at 0.0042 T N (10 K) during 10 ps in order to calculate the atomic stress. Only the atoms with the atomic stress of more than 6.0ϫ10 4 Pa are shown in Figs. 4 and 5 for clarity. Figure 4 (a) shows the distribution of atomic stress at the interface of the N-W OR before relaxation. A regular distribution of stress is observed, with a minimum in the area of lattice matching. This corresponds to the distribution of the degree of lattice matching in the interface shown in Fig.  3(a) . Hence, the transformation starts where the atomic stress is small. Figure 4(b) shows the distribution of atomic stress in the bcc structure transformed from the fcc structure by relaxation via the interface of the N-W OR. Residual stress is observed continuously from the initial interface toward the bcc crystal. This corresponds to the part where transformation occurred at the end owing to lattice mismatch. The direction of the line of residual stress in the bcc system after phase transformation was found to be [010] bcc , which corresponds to the direction of the Bain deformation path from the bct to the bcc structure.
The distribution of atomic stress in a system with an interface of the K-S OR is shown in Fig. 5 . Figure 5(a) shows the distribution of atomic stress before relaxation. As in the case of the interface of the N-W OR, the minimum of the atomic stress corresponds to the area of lattice matching of the fcc and bcc lattices. Large and small areas of atomic stress are alternately distributed in a line. The elongated distribution of the atomic stress in the interface of the K-S OR enhanced the irregularity of the interface, which subsequently caused a change in the propagation mode of the interface from planar to needlelike. Figure 5(b) shows an atomic stress of more than 6.0ϫ10 4 Pa near the tip of the needlelike bcc structure in the fcc region. The {110} bcc plane is observed in the needlelike area, and is caused by transformation via the Bain deformation path, as described above. In addition, it was found that the transformation following the Bain path was newly induced in a direction inclined 60°from the previous transformation direction. Figure 5(c) shows the distribution of the atomic stress of more than 6.0ϫ10 4 Pa just after the tip of the needlelike structure reached the bottom of the cell. Folding of the direction of needlelike growth was observed. We note that such folding of the direction may occur as a result of the constraint by the simulation cell with a periodic boundary condition. However, it was found that a change in the direction of the Bain deformation path during phase transformation causes a fast needlelike growth, and the needlelike growth via the Bain deformation path also leaves residual stress at the {110} bcc //{111} fcc interface.
Conclusions
By MD simulation of the fcc-bcc phase transformation of iron using biphasic systems with (110) bcc //(110) fcc heterointerfaces of various ORs, we confirmed that there are two modes of propagation: planar and needlelike propagation. At the initial stage of phase transformation, the planar propagation of the fcc-bcc heterointerface was observed in all orientations considered between the N-W and N-W ORs. A needlelike propagation after the initial planar propagation was observed in the case of the K-S and near K-S (K-S 4.00°) ORs. The transformation started from an area of lattice matching between the fcc and bcc lattices and followed the Bain transformation path. Hence, it was found that differences in the area of lattice matching at the heterointerface between the N-W and K-S ORs cause the different propagation modes. In addition, the preferential area of phase transformation in the fcc-bcc heterointerface corresponds to the area where the atomic stress is small. By examining the distribution of the atomic stress in the system during phase transformation, we found that changes in the direction of the Bain deformation path during phase transformation causes a fast needlelike growth after the initial planar propagation.
In this study, the phase transformation from the fcc to the bcc phase under the A3 point was considered using the FS potential, which has been established to describe the bcc structure. An investigation of the phase transformation from the bcc to the fcc phase by MD simulation should provide a wealth of valuable information in the study of, for example, microstructure, recrystallization, and shape-memory alloys. However, there is no established interatomic potential that can describe the bidirectional phase transformation between the fcc and bcc phases uniquely. We believe the difference in the thermal expansion between the fcc and bcc phases may one of the key factors to be focused on in order to reproduce bidirectional phase transformation using the FS-type potential. This will be treated in the near future after the development of a new interatomic potential. 
